Abstract: Achieving sustainable development in the water-energy-food (WEF) nexus is gaining global attention. The coupling and coordination degrees are a way to measure sustainable development levels of a complex system. This study assessed the coupling and coordination degrees of the core WEF nexus and identified key factors that affect sustainable development. First, an index system for assessing coupling and coordination degrees of the core WEF nexus was built. Second, the development levels of three subsystems as well as the coupling and coordination degrees of the core WEF nexus in China were calculated. The results showed that from 2007 to 2016, the mean value of the coupling degree was 0.746 (range (0.01, 1)), which was a high level. This proved that the three resources were interdependent. Hence, it was necessary to study their relationship. However, the mean value of the coordination degree was 0.395 (range (0, 1)), which was a low level. This showed that the coordination development of the core WEF nexus in China was low. It is necessary to take some measures to improve the situation. According to the key factors that affect the development levels of water, energy, and food subsystems, the authors put forward some suggestions to improve the coordination development of the WEF system in China.
Introduction
Issues associated with the supply and demand for water, energy, and food have attracted global attention. In January 2011, the Global Risk Report stated that the water-energy-food (WEF) nexus is one of the three important areas that need to be given priority [1] . In November of the same year, the water-energy-food nexus and security were discussed at the United Nations Climate Conference held in Bonn, Germany [2] . The interactions between WEF sectors are undoubtedly attracting the interest of researchers from multidisciplinary areas. This interest is expected to increase in the upcoming decades with increasing population numbers, water shortages, and energy demand [3] .
The WEF nexus is divided into core nexus and peripheral nexus. The core nexus refers to the relationships between the three resources. It is the essence of the WEF nexus. Water, energy, and food are inextricably interrelated and depend on each other [2] , which is shown in Figure 1 . The withdrawal, treatment, and distribution of water are inseparable from energy. The production of energy also needs water for cleaning and cooling. In the same way, food provides biomass for energy production, and the energy is needed for the production, transportation, and storage of food. Irrigation is an important way to increase food yield. Food growing also helps purify sewage and improve groundwater quality.
For some regions, importing food is virtually equivalent to importing the water that would be needed for producing the food locally [4] . Peripheral nexus refers to the correlation of the WEF system with other systems like the ecological, economic, and social systems [5] . the water that would be needed for producing the food locally [4] . Peripheral nexus refers to the correlation of the WEF system with other systems like the ecological, economic, and social systems [5] . Figure 1 . Water-energy-food (WEF) nexus. This figure includes the core and peripheral nexus of the WEF system. The core nexus refers to the relationship among the water, energy, and food subsystems. The peripheral nexus refers to the relationship between the core nexus and social, economic, and environment subsystems.
There is an extremely fragile, dynamic balance in the WEF system. Any intervention or management measure that has not undergone detailed analysis and scientific assessment is likely to affect or even destroy the system's balance and cause serious consequences [5] . Synergetic development of the three resources is very important for the achievement of the sustainable goal. The development of nexus synergies to balance food, energy, and water resource trade-offs has been demonstrated by nexus simulation studies [6, 7] . Hence, it is of great significance to evaluate the coupling and coordination degrees of the core WEF nexus and identify the causes of system imbalance in order to improve sustainable development.
Most related studies focus on conceptual interpretation of the WEF nexus and the description of its current situation. There is much research on quantitative evaluation of the WEF nexus. A considerable number of studies have quantitatively studied the pairwise relationship between water, energy, and food [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] . Other studies quantitatively analyzed the WEF nexus with system dynamics [5] , input-output approaches [26] , water footprints [27] , and so on. Beyond that, research on the WEF nexus usually focuses on the relationship among the WEF system and other systems [28] [29] [30] . However, the core WEF nexus has not gotten enough attention yet [26, [31] [32] [33] . Only with a clear understanding of the essential connection between the three resources can the nexus approach be better applied to broader areas, such as water allocation, life cycle assessment, carbon footprint, water footprint, and supply chain management [34] .
Thus, it is important to study the coupling and coordination degrees of the three resources as a system to understand their synergies and ensure sustainable development. Coupling refers to the phenomenon when two or more systems interact with each other. Coupling degree is a measure of Figure 1 . Water-energy-food (WEF) nexus. This figure includes the core and peripheral nexus of the WEF system. The core nexus refers to the relationship among the water, energy, and food subsystems. The peripheral nexus refers to the relationship between the core nexus and social, economic, and environment subsystems.
Thus, it is important to study the coupling and coordination degrees of the three resources as a system to understand their synergies and ensure sustainable development. Coupling refers to the phenomenon when two or more systems interact with each other. Coupling degree is a measure of the degree of interaction [35] . Coordination is a state or result of system evolution [36] . Since 1999, coupling and coordination degree models have been applied in various research areas [37] [38] [39] [40] [41] . It has developed into a mature model suitable for evaluating the coupling and coordination relationships of complex systems.
With population growth, environmental degradation, resource shortages, and intensified impacts of climate change, China as a developing and populous country is facing synergetic issues with water, energy, and food development. The country's water, energy, and food production systems are unevenly distributed. This is one of the obstacles in achieving sustainable development of economic and social sectors. Guijun et al. (2016) built the system dynamics model of the WEF system for its sustainable development of Beijing [42] . Shaoming et al. (2017) provided the overall analysis framework of the WEF system for collaborative optimization in the Yellow River watershed [43] . However, to the best of our knowledge, the study of coupling and coordination degrees of the core WEF nexus is rare, especially at the national level. Bearing this in mind, this study modeled the coupling and coordination degrees of the core WEF nexus to assess sustainable development of the three resource systems at the national level. This study sought to increase the understanding of the core WEF nexus by calculating its coupling and coordination degrees, and it proposed measures to improve the sustainability of the WEF system.
Methods

Evaluation Index System for Measuring Coupling and Coordination Degrees of the Core Water-Energy-Food (WEF) Nexus
It is necessary to comprehensively analyze and evaluate multiple indexes to measure the coupling and coordination degrees of the core WEF nexus. Based on existing relevant research on the core WEF nexus [41, 44, 45] , an evaluation index system for measuring the coupling and coordination degrees of the core WEF nexus was constructed (see Table 1 ). In this study, positive attribute indexes referred to those indicators that promoted sustainable development of the WEF system. Negative attribute indexes referred to those indicators that could not promote sustainable development of the WEF system. For example, the more industrial water consumption there was, the less energy and food water consumption there was. Industrial water consumption could not promote sustainable development of the WEF system, so it was negative.
Coupling and Coordination Degrees of the Core WEF Nexus
Methodology in this section can be divided into two parts: (1) weighting each index with the entropy value method, and (2) modeling the coupling and coordination degrees of the core WEF nexus. The coupling degree in this paper referred to the extent of various interactions among the three subsystems. The coordination degree emphasized the state and result of subsystem interactions: the higher the coordination degree of three subsystems, the higher the efficiency of the WEF systems.
Weighting Index
Determination of index weight was crucial. A subjective weighting method could not distinctly separate the indices because of its high uncertainty [38] . Therefore, the authors chose the entropy value method as the weighting method.
Implementation of the entropy value method in this study adopted the following procedure:
1. Index selection-suppose there were I subsystems, R years, N regions, and M indicators, then x irnm was the mth indicator of nth region of the ith subsystem in the rth year. 2.
Data standardization-because the indicators had different dimensions and units, they needed to be standardized. At the same time, in order to avoid meaningless logarithms in entropy calculations, non-zero processing was carried out on the data. If x irnm is a positive indicator:
If x irnm is a negative indicator:
where min(x im )and max(x im ) are the minimum and maximum of the mth index of the ith subsystem in all regions for the selected years, respectively; and x irnm is a standardized value, with a range of [0.01, 1].
3.
The proportion y irnm of the mth index is indicated by:
4.
The entropy value e im of the mth index is indicated by:
where k > 0 and k = 1 ln(RN) .
5.
The information utility value g im of the index m is given by:
6. The weight w im of the mth index is given by:
Coupling Degree of the Core WEF Nexus
The evaluation value f irnm of the mth indicator of the nth region of the ith subsystem in the rth year is indicated by:
The development level f irn of the nth region of the ith subsystem in the rth year is indicated by:
The contribution Q im of the mth indicator to the development level of the ith subsystem is given as:
The mathematical formulations for the coupling degree of the core WEF nexus is shown as follows [15] :
where f 1rn , f 2rn , and f 3rn are the development levels of water, energy, and food subsystems, respectively, in the nth region and the rth year, and their values reflect the relative development levels of the three subsystems. C rn is the coupling degree of the core WEF nexus in the nth region and the rth year, and C rn ∈ [0, 1]. The coupling degree C rn is divided into four types (see Table 2 ) [39] . The coordination degree was used to reflect the interaction result, which referred to the synchronized development level of the subsystems. While the coupling degree reflectes the interaction process, it is difficult to use the coupling degree to reflect the actual sustainable development level of the core WEF nexus. Therefore, judging the sustainable development level of the core WEF nexus with only the coupling degree function C would likely lead to results that were inconsistent with reality. In order to objectively reflect the interactions of the three subsystems, it was necessary to build a coordination degree model. Therefore, based on the coupling degree function, the mathematical formulations for the coordination degree are shown as follows [39] .
where D rn is the coordination degree of the core WEF nexus in the nth region and the rth year, and its range is (0, 1); C rn is the coupling degree; T rn is the integrated value of the core WEF nexus, which reflects the integrated assessment value of each region; and a, b, and c represent the contribution of each subsystem to the development level of the system, respectively, and can be obtained by using the entropy value method.
According to the studies [5, 46, 47] , coordination degree can be divided into four types (see Table 3 ) [39] . 
Study Area and Data
China is a developing country with a large population. Annual availability of water per person is 2100 m 3 , which is nearly one-quarter of the global average. The distribution of water resources in China is highly asymmetric. There is also severe inconsistency in the spatial distributions of water availability and water demand in the country. This country's water ecology and environment are fragile.
China has been the largest energy consumer for the last 17 consecutive years in the world. China's primary energy consumption reached 3132.2 million tons of oil, accounting for 23% of the world's total energy consumption. The country's oil production was 191.5 million tons of oil, while consumption was 608.4 million tons of oil. Natural gas production was 149.2 billion m 3 , while consumption was 240.4 billion m 3 . The output of coal was equal to 1747.2 million tons of oil, while the consumption was 1892.6 million tons of oil. Currently, China is facing serious energy poverty [48] .
Since 2010, China has changed its position in the world grain market from a net exporter to a net importer. However, increasing grain imports contradicted the Chinese food security policy, which aimed to achieve a grain self-sufficiency of more than 95%. Additionally, Chinese agricultural productivity is lower than the world average. This is an obstacle to the country's food security target [49] .
China is facing huge insecurities of water, energy, and food. So, it is necessary to study how to improve the sustainable development of the WEF system in China. In this study, the authors studied the coupling and coordination degrees of the core WEF nexus of 31 provinces and municipalities in China.
Statistical data from 31 provinces and municipalities were collected from statistical yearbooks as well as the water resources bulletin, which is from official websites of the Statistics Bureau of Provinces and municipalities from 2007 to 2016 .
Results and Discussion
The three key parts of this study focused on the following: (1) the development level of the water, energy, and food subsystems; (2) the coupling degree of the core WEF nexus in China, and (3) the coordination degree of the core WEF nexus in China. The results are discussed in detail below. The weights and contributions of indexes are shown in Table 4 .
The entropy value method was used to calculate the contribution of each indicator to the development level of each subsystem.
Equation (13) indicated that the food subsystem was more important to the development level of the WEF system in this study than other subsystems. 
The Development Level of the Core WEF Nexus
In this study, the development levels of water, energy, food subsystems were calculated first. These results showed the development levels of the three resource subsystems in 31 provinces and municipalities of China in the period from 2007 to 2016 (see Figures 2-4) . According to Figure 2 , during the selected years from 2007 to 2016, the development level of the water subsystem in each province and municipality barely changed. In a spatial view, the development levels of the water subsystem in Beijing, Tianjin, Shanxi, and Ningxia were low; while in Tibet, Xinjiang, Guangdong, Guangxi, Jiangsu, Hunan, Yunnan, Sichuan, Jiangxi, and Heilongjiang, they were relatively high. We found that the total water supply (f 12 ) and the total water capital (f 11 ) were the key factors that affected the development level of the water subsystem by comparing the index contribution Q 1m . In the regions where the development levels of the water subsystem were high, such as Xinjiang, Guangdong, and Guangxi, the total water supply and the total water capital were relatively high. Especially, Tibet was not only endowed with high total water capital but also with high average per capita water availability [82] .
During the period from 2007 to 2016, the total water supply and the total water capital of each region were steady, this was the reason why the development level of the water subsystems in each region barely changed.
It can be seen from Figure 3 that the development levels of the energy subsystem in most regions steadily rose from 2007 to 2016. The region with the lowest development level of the energy subsystem was Qinghai Province. Development levels of energy subsystems in Shanxi, Inner Mongolia, and Guangdong were notably higher than the other regions. Total energy consumption in primary industry (f 23 ) and total energy production ( f 21 ) were the key factors that affected the development level of the energy subsystem, which was depicted by comparing the index contribution Q 2m . During the period from 2007 to 2014, because of the increased demand for energy in industrial and domestic sectors, total energy production increased. However, it decreased from 2015 to 2016 because the raw coal output, which plays a major role in total national energy production, greatly decreased while the use of renewable energy sources, such as wind turbines and solar panels, increased [47] . Though the energy structure changed, total energy production showed a growing trend in the selected years, which was the main reason for the increasing development level of the energy subsystem. At the same time, economic growth was one of the reasons for the increasing development level of the energy subsystem [83] . In addition, the two major energy production regions of Shanxi and Inner Mongolia were also major provinces of energy consumption, which made them the regions with a high development level of the energy subsystem. Guangdong Province, with the largest domestic and commercial energy use, was China's largest energy consumer [47] .
According to Figure 4 , there was a large gap between the low and high regions. The development levels of the food subsystem in Beijing, Tianjin, Shanghai, Hainan, Tibet, and Qinghai were the lowest, while the development levels in Hebei, Heilongjiang, Shandong, and Henan were high. The regions with a low development level of the food subsystem kept a steady level from 2007 to 2016. However, the regions with a high development level of the food subsystem showed an increasing trend in this period. The irrigable area of arable land (f 36 ) and the total food output (f 32 ) were the key factors that affected the development level of the food subsystem, which was clearly shown by comparing the index contribution Q 3m .
Most of the time, arable land depends on water conservancy infrastructures for irrigation. Therefore, water conservancy infrastructures are essential for agricultural development [84] . However, in economically developed regions such as Beijing, Shanghai, and Tianjin, agricultural development is ignored. Their total area of land covered by water conservancy infrastructures is less than other regions. In regions such as Tibet and Qinghai, their natural conditions are not suitable for growing food, which makes their development level in the food subsystem low. On the other hand, urbanization in northern China (such as Hebei, Henan, Shandong, and Heilongjiang) is not as fast as in the southern region; therefore, reduction of cultivated land in the northern region is also relatively slow. Moreover, the irrigable area has shown an increasing trend in recent years. These are the reasons that increasing food production is driven in the northern region [85] . Figure 5 shows the subsystem with the lowest development level, among water, energy, and food subsystems, in all selected regions in the period from 2007 to 2016. The development level of the water subsystem was low in most regions. This proved that China is a country facing a serious water crisis. According to statistics, the per capita water resources in China are only 28% of the world average [76] . Water is the main input of energy and food production; therefore, water shortage has become one of the main factors that restricts the development of most regions in China. So, the water subsystem is key in promoting sustainable development of the core WEF nexus. Figure 6 shows the subsystem with the highest development level, among water, energy, and food subsystems, in all selected regions in the period from 2007 to 2016. As can be seen from Figure 6 , in most regions of China, the most developed subsystem was the food subsystem. This proved that China is a largely agricultural country. Though, China also imports large amounts of grain each year, and the ratio of imports has been growing sharply since 2009. At present, China has become the world's largest food importer [49] . Because of resource constraints such as arable land, water resources, and climate, China's food security is not guaranteed [85] . Promoting development of the food subsystem is a great challenge in China [86] . 
The Coupling Degree of the Core WEF Nexus
The coupling levels of the core WEF nexus in the 31 regions of China from 2007 to 2016 is shown in Table 5 .
According to the classification principle (Table 1) , the coupling degree was divided into four types, and the results are shown in Figure 7 . Table 5 shows the coupling degrees of the core WEF nexus in 31 regions of China. Figure 7 presents the coupling degree types (according to Table 3 ) of the core WEF nexus in all selected regions in China. The higher the histograms are, the higher the coupling degrees are. As can be seen from Table 5 and Figure 7 , the coupling degrees of the core WEF nexus in most regions in China were in the high or very high level and kept a steady trend. From Equation (10) we saw that the closer the Table 5 shows the coupling degrees of the core WEF nexus in 31 regions of China. Figure 7 presents the coupling degree types (according to Table 3 ) of the core WEF nexus in all selected regions in China. The higher the histograms are, the higher the coupling degrees are. As can be seen from Table 5 and Figure 7 , the coupling degrees of the core WEF nexus in most regions in China were in the high or very high level and kept a steady trend. From Equation (10) we saw that the closer the development levels of the three subsystems were, the higher the coupling degree was. Tibet was the only region with a low or very low coupling level, while its coupling degree rose since 2012. This was because the development levels of the energy and food subsystems in Tibet increased, which narrowed the gap between them and the water subsystem. [87] On the contrary, the increase in the development level of the energy subsystem in Shaanxi made the gap between the water and energy subsystems widen.
In terms of timing, the coupling degrees in most regions of China were steady from 2007 to 2016. There were a few regions, such as Tibet, Shaanxi, and Jilin, in which the coupling degree changed. Spatially, the coupling degrees of most regions were high, except for Tibet and Henan. Consequently, there was a strong coupling reaction among the three subsystems. The water, energy, and food subsystems were interdependent; hence, it was significantly important to study the WEF nexus.
The Coordination Degree of the Core WEF Nexus
The coordination levels of the core WEF nexus in China from 2007 to 2016 is shown in Table 6 . Table 6 . Coordination levels of the core WEF nexus of 31 regions in China. According to the classification principle (Table 2) , the coordination degree was divided into four types, and the results are shown in Figure 8 . Table 6 shows the coordination degrees of the core WEF nexus in 31 regions of China. Figure 8 presents the coordination degree types (according to Table 4) of the core WEF nexus in all selected regions in China. The higher the histograms are, the higher the coordination degrees are. As can be seen from Table 6 and Figure 8 , from 2007 to 2016, the coordination degrees of the core WEF nexus in most regions were either low or medium and were steady. Spatially, coordination degrees were very low for nearly half of the regions, and the regions with high coordination degrees were few. According to Equation (11) , the coordination degree depended on the coupling degree and the integrated level of the core WEF nexus, and they were positively correlated. The coupling degree could be improved by increasing the lowest development level to narrow the gap between the three subsystems. Although improving the development levels of the three resources were important to improve the integrated level of the core WEF nexus, the subsystem with the lowest development level should be given more attention.
Regions
In general, the coordination degree of the core WEF nexus in most regions of China remained basically unchanged from 2007 to 2016. Meanwhile, the overall coordination degree was low, resulting in the uneven development of water, energy, and food systems. It seriously hindered sustainable development of the WEF system.
As a result, the development level varied greatly throughout the country. The development level of the water subsystem was greatly affected by the average per capita water availability; the development level of the energy subsystem was highly affected by the total energy production; and the development level of the food subsystem was impacted by the degree of agricultural mechanization and the availability of arable land.
From 2007 to 2016, a relatively high coupling degree and a low coordination degree of the core WEF nexus was seen in China. Many provinces and municipalities were still in a low coordination degree, which seriously impeded synergetic development of the WEF nexus. Moreover, during the period from 2007 to 2016, development levels of the three resources changed little, which led to steady coupling and coordination degrees of the core WEF nexus. It is necessary to take some measures to improve the sustainability of the WEF system.
In a nutshell, since the three resources are interdependent and closely related, integrated management of water, energy, and food systems is of great significance to social development, Table 6 shows the coordination degrees of the core WEF nexus in 31 regions of China. Figure 8 presents the coordination degree types (according to Table 4) of the core WEF nexus in all selected regions in China. The higher the histograms are, the higher the coordination degrees are. As can be seen from Table 6 and Figure 8 , from 2007 to 2016, the coordination degrees of the core WEF nexus in most regions were either low or medium and were steady. Spatially, coordination degrees were very low for nearly half of the regions, and the regions with high coordination degrees were few. According to Equation (11) , the coordination degree depended on the coupling degree and the integrated level of the core WEF nexus, and they were positively correlated. The coupling degree could be improved by increasing the lowest development level to narrow the gap between the three subsystems. Although improving the development levels of the three resources were important to improve the integrated level of the core WEF nexus, the subsystem with the lowest development level should be given more attention.
In a nutshell, since the three resources are interdependent and closely related, integrated management of water, energy, and food systems is of great significance to social development, resource sustainability, and ecological protection. For this reason, in order to ensure sustainable development, proper attention should be given to designing synergetic development plans for WEF systems.
Conclusions
Sustainable development depends on the coordinated development of the WEF system. Complex linkages between the water, energy, and food subsystems pose a great challenge in coordinating their development [2] . At present, the coordination degrees of WEF systems in 31 provinces and municipalities of China are low. Results showed that the water subsystem was key in improving the coupling and coordination degrees of the WEF system. We also found that total water supply, total water capital, total energy consumption in primary industry, energy production, the irrigable area of arable land, and food total output were key factors that affected development levels of the three subsystems.
Based on the analysis above, the following suggestions are put forward to promote synergetic development of the core WEF nexus in China. (1) Take appropriate measures to gradually turn to industries that are high-yield, low-energy, and environmentally friendly [35] . (2) Promote inter-regional sharing of resources, and establish reasonable distribution and utilization mechanisms throughout the country, so that the overall social benefits can be maximized through inter-regional resource collaboration [34] . (3) Improve the utilization efficiency of water in food production by optimizing allocation of water resources and building agricultural infrastructure and water conservancy facilities. (4) Adopt dynamic resource management policies, and take into account factors such as population growth, climate change, and urbanization rate. (5) Synergistically manage water, energy, and food resources, and improve balanced development of the three subsystems. (6) Establish inter-departmental dialogue and consultation mechanisms to help decision-makers formulate feasible and comprehensive policies.
This study identified key factors that affect development of the water, energy, and food subsystem. The water subsystem is the key to improve the coordination degree of the core WEF nexus of 32 regions of China. Hence, the authors believe that this work furthers the efforts to find an approach that promotes the sustainable development of the WEF system in China.
It should be noted that this study has examined only the core WEF nexus and not the peripheral nexus. Hence, social, economic, and environmental subsystems were not taken into account, and care should be taken when interpreting the results. Further studies are necessary to fully understand the coupling and coordination degrees of the WEF nexus.
